Purpose: To develop a single-shot spiral perfusion pulse sequence with outer-volume suppression (OVS) to achieve whole-heart coverage with a short temporal footprint of 10 ms per slice location. Methods: A highly accelerated single-shot variable density spiral pulse sequence with an integrated OVS module for reduced field of view (rFOV) perfusion imaging with 2 mm spatial resolution was developed and evaluated in simulations, phantom experiments and in clinical patients with (n ¼ 8) or without (n ¼ 8) OVS. Images were reconstructed by block low-rank sparsity with motion guidance (BLOSM) and graded by two cardiologists on a 5-point scale (1, excellent; 5, poor). Results: Simulation and phantom results showed that OVS effectively suppressed the signal outside the desired field of view (FOV). Clinical patient data demonstrated high quality perfusion images with rFOV. The average image quality scores of full FOV cases and rFOV cases were 3.1 6 0.64 and 2.3 6 0.46, respectively, (P ¼ 0.02) from cardiologist 1 and 2.5 6 0.54 and 1.8 6 0.47, respectively, (P ¼ 0.04) from cardiologist 2, showing superior image quality for the rFOV images compared with the full FOV images. Conclusion: A single-shot spiral perfusion sequence that uses OVS and BLOSM performs perfusion imaging with a very short temporal footprint per image supporting whole-heart coverage with good image quality. Magn Reson
INTRODUCTION
In the United States alone, over 8.2 million people suffer from angina pectoris, resulting in the performance of nearly 10 million stress tests annually to evaluate for the presence of coronary artery disease (CAD) (1) . Adenosine stress perfusion cardiac magnetic resonance (CMR) has emerged as a technique with high diagnostic and prognostic use in the evaluation of CAD (2) (3) (4) (5) . Currently available CMR perfusion imaging techniques still suffer from limitations, including dark rim artifacts (6) resulting from cardiac motion and Gibbs ringing at high-contrast interfaces and limited spatial coverage of the ventricle, both of which are related to temporal footprint of the acquisition and the limited time available for data acquisition in each heartbeat. Recent 3D techniques have addressed the issue of spatial coverage of the ventricle and have demonstrated clinical use in multicenter studies (7) (8) (9) . However, these techniques have a relatively long temporal footprint, which limits in-plane spatial resolution (10) .
We have shown that spiral pulse sequences demonstrate reduced motion-induced dark rim artifacts and can accurately detect obstructive CAD as defined by quantitative coronary angiography (11) (12) (13) . Given the high acquisition efficiency of spiral techniques, we recently demonstrated whole-heart coverage with a three-interleaved spiral pulse sequence capable of imaging eight slices with a 2-mm inplane resolution with a temporal resolution footprint of 35 ms per slice. (14) . However, the need for multiple interleaves necessitates the use of a flip angle of around 30 , and each interleave traverses the center of k-space at a separate time relative to the saturation pulse. Given the high acquisition efficiency of spiral trajectories, we sought to determine the feasibility of acquiring a complete perfusion image following a single RF excitation. This single-shot excitation approach acquires data with a very short temporal footprint due to the high sampling efficiency, but also requires highly accelerated spiral trajectories with an associated signal-to-noise ratio (SNR) penalty which can be mitigated using a 90-degree excitation pulse.
Although the heart only occupies a small region of the chest, an imaging field of view (FOV) that encompasses the whole chest is required to avoid spatial aliasing that results from violation of the Nyquist sampling rate. For spiral imaging, because the readout direction is continually changing, a traditional anti-aliasing filter-which can be used to restrict the FOV in the RO direction-cannot be used, and the full extent of the object must be supported in all directions to avoid aliasing. By using an outer-volume suppression (OVS) strategy to achieve a reduced FOV (rFOV), k-space can be sampled more coarsely resulting in improved sampling efficiency (15) . Multiple studies have demonstrated successful application of OVS for cardiac imaging (16, 17) ; however, OVS has not yet been applied to T 1 -weighted gadolinium (Gd)-enhanced myocardium first-pass perfusion imaging.
The goal of this study was to develop a saturation recovery (SR) and OVS strategy suitable for a single-shot rFOV spiral perfusion sequence capable of achieving full heart coverage with high spatial resolution and a short temporal footprint. Given the high acquisition efficiency of spiral pulse sequences, we sought to develop a technique that can image a slice with a single 90 excitation and a single spiral readout to achieve an unprecedented temporal footprint of <10 ms per image.
METHODS

Design Consideration
We have shown previously that first-pass myocardial perfusion imaging using accelerated spirals with an optimized trajectory and k-t sampling pattern can produce high-quality 2D perfusion images with whole-heart coverage at heart rates up to 125 beats per minute (14) . This technique uses multiple spiral interleaves with an effective acceleration factor of 5 to achieve whole-heart coverage with eight slices and in-plane resolution of 2 mm by supporting a 340 mm 2 FOV. The temporal footprint of each perfusion image is 35 ms. We propose that the delay time between saturation and data acquisition can be used to perform OVS to reduce aliasing from objects outside the desired rFOV. When combined with a single-shot spiral readout, this OVS preparation would enable perfusion imaging with the same in-plane resolution as described above, but with a temporal acquisition footprint of <10 ms/slice.
Single-Shot Excitation and SNR Consideration
The balance between spatial resolution, temporal footprint, and SNR can be expressed as follows:
where h is the SNR efficiency of variable-density spiral trajectory (18) , d xyz is the spatial resolution, T total is the total readout time for specific slice, and C is the constant that depends on the proton density, relaxation times (T 1 and T Ã 2 ), and sequence parameters. In the optimized multishot spiral technique, we used three spirals with a 5-ms readout duration per interleaf (total readout duration 15 ms). If we only used a single spiral with a 5-ms readout, the SNR would reduce to 58%. By increasing the readout to 8 ms, the maximal duration that produces high-quality perfusion images at 1.5T with minimal dropout and off-resonance artifacts as shown previously (12) , the SNR would still reduce to 73% compared with the multishot spiral acquisition, assuming that other sequence parameters are held constant. Although the single-shot sequence will have a lower SNR due to the shorter total readout, because only one excitation is needed per image, a 90 flip angle can be used to recover the SNR. For the aforementioned three-interleaved spiral, the optimal flip angle for constant magnetization with interleaved acquisition was 31 (14) . This difference in flip angle should result in a 94% increase in SNR [sin(90 )/sin(31 )] for the single-shot sequence with 90 excitation. The last factor to consider is the trajectory factor (g), which describes the relative loss of SNR due to nonuniform weighting of noise in k-space resulting from variable density sampling and density compensation. For the given trajectories, following the description of Tsai and Nishimura (18) , this factor was 0.8 for the single-shot technique compared with the three-interleaved sequence. Combining these factors, the single-shot technique should have raw data with an SNR that is 13% higher than that of the three-interleaved pulse sequence, while reducing the temporal footprint from 35 ms per image to 10 ms per interleave. Notably, the single-shot trajectory requires a 12 Â undersampling of the outer region of k-space to achieve the same 2-mm spatial resolution at an FOV of 340 mm 2 . By using OVS, the effective undersampling of k-space is reduced by a factor of 2, which reduces aliasing and should result in improved compressed sensing (CS) reconstruction compared with the single-shot full FOV technique.
OVS Design and Evaluation
We implemented a rapid, B 1 -robust 2D OVS technique to enable imaging of a reduced FOV that includes only the heart. The OVS preparation was similar to that described by Smith and Nayak (15) and used the design method described by Pauly et al. (19) . The preparation (Fig. 1a) consisted of a nonselective tip-down, followed by spatially selective tip-back and a spoiler. A 4-ms adiabatic BIR-4 (20) tip-down pulse was used for nonselective excitation, and a 2.2-ms jinc-shaped 2D spiral spatial selective (19) pulse with a time-bandwidth product of 4 was used to tip back spins within a 100-mm cylindrical rFOV. The pulse was designed with a resolution of 100 mm and an excitation FOV of 800 mm (6400 mm). A 2-ms spoiler gradient was used to dephase residual transverse magnetization. The rFOV was designed to be large enough to encompass the heart even in the presence of respiratory motion. The excitation FOV was designed to be large enough that the first spatial side lobe would be outside of the body.
The 2D spatial profile of the module was evaluated using a Bloch simulation. To evaluate the performance of the OVS module as a function of B 0 and B 1 inhomogeneity, we performed Bloch simulations of the module over a range of B 0 (6300 Hz) and B 1 scale factors of 0.2-1.2. Bloch equations were performed using a T 1 of 300 ms and a T 2 of 50 ms.
To test the OVS module performance, three Siemens QA water phantoms with short T 1 (100 ms) were scanned by a Cartesian fast low angle shot (FLASH) sequence and the proposed spiral sequence with and without OVS module. The FLASH sequence parameters were as follows: echo time ¼ 1.2 ms; repetition time ¼ 1 s; flip angle ¼ 15
; matrix¼ 128 Â 128; slice thickness ¼ 10 mm; and FOV ¼ 170 mm. The spiral pulse sequence parameters are described below.
Pulse Sequence Design
The pulse sequence is shown schematically in Figure 2a . Nonselective saturation with an adiabatic BIR-4 pulse is applied for T 1 -weighted preparation. A spectrally selective fat saturation (SPAIR) pulse is used to achieve fat suppression, followed by the OVS module to suppress signals from outside the heart. The SPAIR pulse is applied at a time for which fat is nulled by the combination of the BIR-4 saturation and SPAIR pulse at the time of spiral acquisition of the first slice. This novel approach is detailed in Supporting Figure S1 .
For each slice location, a single-shot spiral readout is acquired with a single 90 excitation pulse. Typically, two slices are acquired in each SR block with the acquisition order shown in Figure 2a , and SR blocks are repeated until all the slices are imaged.
The single-shot spiral trajectory is presented in Figure  2b . It is an 8-ms constant-slew spiral using a Fermishape dual density design (14) , with 20% of the center fully sampled (in time along the trajectory) and a broad transition to reach the ending density of 0.15 Â Nyquist, achieving 2-mm resolution at a reduced FOV of 170 mm. The slew rate for the spiral was 120 T/m/s and the spiral achieves a maximal gradient strength of 25 mT/m at the end of the spiral trajectory.
The corresponding point spread function is shown in Figure 2c . The point spread function has a low first side lobe amplitude, and the side-lobe energy is distributed over a number of low-amplitude side lobes resulting from the variable density sampling strategy. When combined with rotation by the golden angle (111.25 ) in time, this strategy produces a relatively incoherent and noise-like aliasing pattern well suited to CS reconstruction.
Image Reconstruction
Block low-rank sparsity with motion guidance (BLOSM) (21) combined with SENSE (22) was implemented to reconstruct the undersampled perfusion images through optimization of
where m represents the estimated perfusion images, d represents the acquired undersampled k-space data, and F u represents the undersampled nonuniform Fourier transform, which only takes values at the k-space positions where d are acquired. S is the coil sensitivity map, which is estimated using eigen analysis (23) from temporal average images. F R represents the operator for block tracking and creation of rearranged clusters, after m is divided into blocks that are tracked using displacement maps R. k Ã k pÃ is a joint Schatten p-norm that exploits the regional low rank property. A solution to Equation [2] was obtained by solving an unconstrained Lagrangian problem using an iterative soft-thresholding algorithm (24) . The image rFOV Single-Shot Spiral Perfusion Imagingreconstruction was implemented in MATLAB (R2013b, MathWorks, Natick, Massachusetts, USA).
Human Studies
To compare the performance of the full FOV and rFOV perfusion sequence, resting first-pass perfusion was performed in 16 subjects (eight for each sequence) undergoing clinically ordered CMR studies. The indications for the clinical CMR studies included evaluation of myocardial viability (n ¼ 4), pericardial disease (n ¼ 4), arrhythmias (premature ventricular contractions/ventricular tachycardia) (n ¼ 3), cardiac sarcoid (n ¼ 3), hypertrophic cardiomyopathy (n ¼ 1) and right ventricular enlargement (n ¼ 1). Written informed consent was obtained from all subjects, and imaging studies were performed under institutional review board-approved protocols. Imaging was performed on a 1.5T MRI scanner (MAGNETOM Avanto; Siemens Medical Solutions, Erlangen, Germany).
Perfusion imaging was performed using 0.075 mmol/kg Gd-DTPA (Bayer AG, Leverkusen, Germany) injected intravenously at a rate of 4 mL/s followed by 25 mL of saline flush at 4 mL/s. The subjects were asked to hold their breath as long as possible followed by shallow breathing during the acquisition of perfusion images over 50-60 heartbeats. A 32-channel cardiac phasedarray receiver coil (Invivo Corporation, Best, Netherlands) was used for signal reception. Imaging protocols for the full FOV and rFOV sequence are shown in Table  1 . The common sequencing parameters were as follows: echo time ¼ 1.0 ms; repetition time ¼ 9 ms; SR time ¼ 80 ms; flip angle ¼ 90 ; temporal footprint ¼ 8 ms per slice; two slices per saturation; slice thickness ¼ 10 mm (with no gap between slices); and eight slices covering the whole left ventricle.
Image Analysis
Perfusion images were reconstructed by the proposed BLOSM algorithm. Image quality was graded on a 5-point scale (1, excellent; 5, poor) independently by two experienced cardiologists who were blinded to the acquisition method by zooming in the full FOV images to the same size of rFOV images. Statistical analysis on the image scores from the two reviewers were analyzed using Wilcoxon signed rank tests. Image quality of the full FOV and rFOV sequence was analyzed using the Mann-Whitney U test.
RESULTS
Simulation and Phantom Results
The 2D spatial profile of the spiral tip-back pulse is shown in Figure 1b and a profile along the y axis of the pulse is shown in Figure 1c . The full-width half-maximum of the rFOV pulse was 100 mm and the usable stopband (defined as Mz < 5% of M0) was 6 335 mm. Figure 3 shows the simulated performance of the OVS module across the resonance frequency offsets (Fig. 3a) and B 1 scale factors (Fig.  3b) . The OVS pulse was relatively insensitive to the offresonance effect due to adiabatic excitation and short tip-back spiral pulse. However, the OVS performance degraded at lower B 1 scale factors due to the nonadiabatic tip-back pulse, reaching 75% efficiency at a B 1 scale factor of 0.6. At a B 1 scale factor within 1 6 0.1 (within 10% of expected), the efficiency was 95%. Figure 4 shows the OVS performance in a phantom using Cartesian and spiral pulse sequences. Figure 4a shows the phantom setup in which the yellow box represents the imaging FOV and the arrow indicates the phase encoding direction for the Cartesian pulse sequence. For the Cartesian sequence without OVS (Fig. 4b) , strong spatial aliasing resulted in wrapping artifact. This aliasing was largely suppressed in the Cartesian sequence with OVS (Fig. 4c) . For the highly undersampled spiral pulse sequence without OVS (Fig. 4d) , the aliasing pattern from the outer phantoms appeared as a swirling artifact superimposed on the central water phantom. When the OVS was used with the spiral pulse sequence (Fig.  4e) , the swirling artifacts were reduced dramatically, and the remaining aliasing arose from undersampling of the center water bottle due to the 8 Â acceleration within the reduced FOV of 170 mm. Figure 5 shows direct reconstruction with zero padding (dc/zp) (Fig. 5a ) and BLOSM (Fig. 5c) images from the single-shot spiral sequence with FOV 340 mm without OVS and dc/zp (Fig. 5b) and BLOSM (Fig. 5d ) from the single-shot spiral sequence with rFOV 170 mm. Note the stronger aliasing artifacts in the direct reconstruction of the data without OVS (Fig. 5a ) compared with the data using the OVS technique (Fig. 5b) . Without OVS, the BLOSM technique was not able to completely remove aliasing due to signal from outside the rFOV of interest (Fig. 5c) , whereas in the BLOSM reconstruction with OVS, the residual aliasing was removed (Fig. 5d) . Figure 6a illustrates the high image quality and wholeventricle spatial coverage of the single-shot spiral pulse sequence with OVS at a middle time frame during first pass from one subject. The images demonstrate high SNR and image quality with minimal residual aliasing outside the heart region. Figure 6b shows the time intensity curves of the left ventricular cavity from a midventricular slice and the time intensity curves from each myocardial segment averaged across slices (see also Supporting Movie S1). Of the 16 subjects imaged, 12 had visually apparent respiratory motion present. Figure 7 shows the effect of signal recovery after OVS preparation in a sequence where two slices were acquired per SR preparation. The basal slices that were sampled immediately after OVS preparation had nearly complete suppression of the outer volume, whereas images acquired later had some recovery of signal. This minimal recovery of signal did not impact image reconstruction quality significantly. Figure 8 shows resting rFOV single-shot spiral perfusion images covering the whole heart from a patient with known CAD. A subendocardial perfusion defect in the anterior and lateral walls corresponded to a region of subendocardial myocardial infarction on late Gd enhancement (LGE) images. Supporting Movie S2 demonstrates the first-pass perfusion for this patient. Given the temporal footprint of 8 ms, fine details of the cardiac trabeculations and papillary muscles were evident, though these features are typically not well visualized with other perfusion techniques due to temporal blurring. Four of the patients demonstrated resting perfusion defects that corresponded to regions of scar on LGE imaging.
Human Studies
The average image quality scores (1, excellent; 5, poor) from full FOV cases (n ¼ 8) and rFOV cases (n ¼ 8) were 3.1 6 0.64 and 2.3 6 0.46, respectively, (P ¼ 0.02) from cardiologist 1 and 2.5 6 0.54 and 1.8 6 0.47, respectively, (P ¼ 0.04) from cardiologist 2. Both cardiologists favored the rFOV image quality compared with the full FOV images.
DISCUSSION
In this study, rFOV spiral perfusion imaging with wholeheart coverage was achieved by fast 2D OVS preparation rFOV Single-Shot Spiral Perfusion Imagingcombined with a rapid accelerated single-shot spiral pulse sequence resulting in a temporal footprint of <10 ms per slice acquisition. By using an OVS preparation, the signal outside of the desired FOV was significantly attenuated, resulting in reduced aliasing artifacts for the highly undersampled spiral trajectory. This reduction in aliasing energy significantly improved the BLOSM reconstruction, resulting in high-quality images. The motion correction afforded by BLOSM enabled robust image reconstruction even in the setting of respiratory motion. The rFOV spiral perfusion images had higher image quality then the datasets acquired with the full FOV. The circular FOV supported by the spiral tip-back pulse is ideal for spiral acquisition, as it provides attenuation of all signal outside of the desired circular FOV.
The rFOV performance was dominated by the OVS module. In our design, an adiabatic BIR4 pulse was used to tip-down all spins first, and a 2D spiral pulse was applied to tip-back the spins within the region of interest (ROI). Based on the B 0 and B 1 simulations, the OVS module is relatively insensitive to the B 0 due to the short duration of the tip-back pulse, but the tip-back pulse has some B 1 dependence which could result in incomplete tip-back in regions of low B 1 . Outside of the FOV, there is good suppression of signal that results in minimal aliasing from structures around the heart. Even without complete suppression, attenuation of the signal from outside of the FOV results in significant improvement in image reconstruction. Given the very small temporal footprint of the single-shot spiral readout, multiple slices can easily be acquired following each saturation pulse. The OVS signal recovers with T 1 , thus rapid data acquisition is required to ensure the signal outside the desired FOV has not recovered significantly during readout. Practically, we acquired 2-4 slices following each saturation and OVS preparation with excellent results.
The single-shot spiral acquisition combined with OVS can acquire a perfusion image data in under 10 ms per slice at a resolution of 2 mm, which is higher than typically used clinically. The SNR loss of the single readout and thus shorter total data acquisition time compared with multishot spirals is balanced by the use of a single 90 excitation per slice. With this sequence design, if four slices are imaged per SR block (Supporting Fig. S2 and Supporting Movie S3) and two SR blocks are used, eight slices can be acquired in acquired in 240 ms, which is in the range of the temporal footprint of 3D acquisition techniques, but with minimal artifact or blurring due to cardiac motion. This technique could enable whole-heart short-axis coverage even in patients with rapid heart rates (e.g., patients who are exercising, experiencing dobutamine stress, or experiencing atrial fibrillation). The high sampling efficiency and the flexibility to control the density of k-space sampling makes spiral trajectories uniquely suited to single-shot image acquisition, which has not been achieved for CMR perfusion imaging with any other sampling strategies to date. Collecting the data on a singlespiral interleaf eliminates any potential artifacts that could result from changes in signal intensity or cardiac position between interleaves, and the center of k-space is acquired at a single well-defined SR time.
Perfusion images at two slice locations were acquired after the OVS module within each SR preparation in this study. The first slice was sampled immediately after the OVS resulting in completely suppressed signal outside the ROI. However, the second slice was acquired 10 ms after the OVS module, and the magnetization outside the ROI will have recovered a small amount based on the T 1 of the surrounding tissues. Whereas long T 1 tissues do not recover significantly over 10 ms, short T 1 tissues such as fat the recovery would be about 5% of the total magnetization. This could be optimized by using a tip-down and tip-back pulse greater than 90 to achieve partial inversion in the outer volume. This should have minimal effect on the signal within the rFOV.
This study has some limitations. Because most of the prospective studies were acquired during a routine clinical examination, we were only able to obtain resting perfusion images with a single pulse sequence precluding the direct comparison of full FOV and rFOV pulse sequences in the same subject; for the same reason, only rest perfusion images could be obtained. However, this study does provide a real-world evaluation of the performance of the accelerated spiral approach in patients with heart disease. Resting perfusion images demonstrate both the feasibility of the technique and high image quality. We did not compare different CS reconstruction methods, but BLOSM has been demonstrated previously to be a robust motion compensated CS method (21) .
In conclusion, we have demonstrated the feasibility of a single-shot spiral perfusion sequence which utilizes OVS and BLOSM CS reconstruction to achieve wholeheart perfusion with a very short temporal footprint at any clinically relevant heart rate. Future clinical validation studies in patients with known CAD at rest and adenosine stress will be essential to further assess and optimize performance of these sequences.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Fig. S1 . Bloch equation simulation of the pulse sequence using SPAIR as fat suppression. To better show the water spin signal evolution with or without OVS, slightly different T 1 values were chosen. The SPAIR pulse only inverted fat spins and had no effect on water spins. The fat suppression waiting time was selected to null the fat signal during image acquisition. Fig. S2 . Example middle time frame perfusion images to show OVS performance of four slices per SR block from a clinical patient. Left to right: imaging acquisition order after OVS. A dynamic movie of this case can be found in Supporting Movie S3. Movie S1. Example first-pass perfusion images with single-shot OVS with whole-heart coverage. Movie S2. Example resting rFOV single-shot spiral perfusion images covering the whole heart from a patient with known CAD. This patient has subendocardial perfusion defect in the anterior and lateral walls. Movie S3. rFOV single-shot spiral perfusion images with 4 slices within one SR block.
